ABSTRACT
INTRODUCTION
A reverse transcriptase (RT) from retroviruses has an essential role in their life cycle, copying their RNA genome and producing a double stranded DNA, which is then incorporated into the double stranded DNA of an infected cell [1] . It is now commonly understood that RTs from retroviruses are composed of two functional domains; One is RNA-dependent DNA-polymerase and the other is ribonuclease H (RNase H) [2] .
Oyama et al. propose a bifunctional model of RTs from analyses of cleavage modes for a synthetic mRNA for ovalbumin and complementary oligodeoxynucleotides [3] . They conclude that RNase H active sites of RTs are located close to 3 -terminus of RNA strand of the substrate hybrid about 10 base pairs downstream from the polymerase active site. Similar finding was made for RT from human immunodeficiency virus (HTV-1), too [4] . However, since any overall tertiary structure of RT has not yet been revealed, precise discussion cannot be made about the structure-function relationships of RTs.
Doolittle et al. [5] have found remarkable resemblances in amino acid sequences between RNase H from Eschericia coli (E. coli RNase H) and the RNase H domain of RTs from many retroviruses including Moloney murine leukemia virus (MuLV) and HIV-1. Recently, the tertiary structure of E. coli RNase H was revealed by two independent groups of Katayanagi et al. [6] and Yang et al. [7] Moreover, the active site of E. coli RNase H has been identified by protein engineering studies [8] , and the substrate recognition mode of the enzyme has been studied by the present authors [9] .
Although only weak homologies are found in the whole amino acid sequences between RNase H domains in RTs from retroviruses and E. coli RNase H, the essential amino acids for the enzymatic activity in E. coli RNase H are well conserved in all RTs [5] . Assuming similar three dimensional structures among those enzymes, it is now possible to construct meaningful models of those RNase H domains in retroviral RTs, starting from the structure of E. coli RNase H.
In the present paper, MuLV and HLV-1 RT-RNase H domains were modeled, based upon the current structural and functional information about E. coli RNase H. The interaction between RNase H and DNA-polymerase domains is also discussed from the model structures.
METHODS
Starting from the Doolittle alignment [5] of amino acid sequences among RNase H domains of RTs from retroviruses and E. coli RNase H, the alignments were rearranged. It is generally difficult to make a definite alignment when the homology between two amino acid sequences is less than 30%. Since the tertiary structure off. coli RNase H has been solved, it is meaningful to realign the sequence so that secondary and tertiary structure should not be changed much. Any large gaps were not expected in the middle of secondary structures, and inner charged residues were avoided. In Fig. 1 , the rearranged alignment is shown. The ratios of the conserved amino acids in the rearranged alignment for MuLV and HIV-1 RT-RNase H domains are 26% and 29%, respectively. In the previous multiple alignment by Doolitde et al. [5] , they were 21% and 20%, respectively. As shown in Fig.  1 , it is possible to align the amino acid sequence of MuLV RTRNase H with that of E. coli RNase H without significant deletions or insertions. On the contrary, in the sequence of HTV-1 RT-RNase H, there is a large deletion around the associated third helix (am) of E. coli RNase H.
• To whom correspondence should be addressed [24] . For E. coli RNase H, these structures are from the X-ray structure solved by Katayanagi el al. [6] The secondary structures defined by them are also indicated under the lowercase letters. For MuLV and HTV-1 RT-RNase H, secondary structures are from the current models. Local loops from LM1 to LH5 for MuLV and HTV-1 RT-RNase H models are indicated by bars. Pre-and post-loops are indicated by bars with upper and lower dotted lines.
Applying the loop search method proposed by Jones and Thirup [10] amino acid backbone structures in the regions around such deletions and insertions were constructed. These local regions hereafter called 'loops' are also indicated in Fig. 1 . By our house made program; FRGMNT, suitable structures for each loop were picked up among lots of possible loops in protein structures stored in Protein Data Bank (PDB) [11] . FRGMNT evaluated the root mean square deviations (r.m.s.d.) of backbone structures of the six residues on the both sides (three pre-loop residues and three post-loop residues) surrounding each loop, between E. coli RNase H and the superposed loop of protein structures in PDB. The most suitable loops were selected, so that they have no bad contacts with other parts of the model enzymes and the secondary structures of their pre-and post-loops are the same as those in E. coli RNase H. After the backbone structures were fixed, side chains were generated in order that their directions were similar to those in the original structure of E. coli RNase H. Then, the initial three dimensional structures were optimized by minimizing their conformation energies using our house made program; PRESTO. Each optimization procedure was as follows. At first, 2000 steps of steepest descent minimization was carried out, fixing all backbone structures of the framework, which is defined as all the regions except loops indicated in Fig. 1 . In this calculation, the repulsive forces proportional to squares of the distances between each pairs were used instead of LennardJones or Coulombic interaction forces. Second, further 5000 steps of steepest descent minimization was carried out, fixing the same atoms as those in the above minimization. The Lennard-Jones and Coulombic interaction forces of AMBER force field [12] were applied. The electrostatic potential was calculated with a distance dependent dielectric constant (e = 2.0xdjj; dy is a distance between two non-bonded atom pair). These forces were used after this stage. By this calculation, most of bad contacts were repaired. Third, further 5000 steps of conjugate gradient minimization was carried out, without any fixed atoms but with distance restraints among side chain atoms, the residues of which are conserved between E. coli RNase H and the RT-RNase H. The restraints were for residues, at least one atom pair in which are located nearer than 5.0 A. Finally, until the root mean square force became less than 0.2 kcal/mol/A, conjugate gradient minimization was carried out without any fixed atoms or distance restraints.
After the model structures were built, electrostatic molecular surfaces of the enzymes were calculated by solving PoissonBoltzmann equations following the procedure of Nakamura and Nishida [13] . The results were displayed on the computer graphics screen (E & S PS390) as the dot surfaces of the enzymes using programs MS [14] and FRODO [10] .
All the minimizations and electrostatic potential calculations were performed by FACOM VP400-E (Fujitsu, Co., Ltd.). The surface dots were generated on VAX/VMS-8810 (DEC). Table 1 shows the most suitable loop structures found from PDB structural database for local sequences indicated in Fig. 1 . For short loops, it is possible to find out suitable loop structures, which have small r.m.s.d. of the pre-and post-loops in E. coli RNase H.
RESULTS
Figures 2 -a) and -b) show the backbone structures of the current tertiary models of MuLV and HTV-1 RT-RNase H domains superposed on that of E. coli RNase H, respectively. The framework structures deviated a little in the optimization procedure. The r.m.s.d. between the coordinates of the backbone atoms in the framework of E. coli RNase H and those of MuLV and HIV-1 RT-RNase H domains are both 1.4 A.
Several amino acids significantly conserved in RT-RNase H domains are also shown in Figs. 2 -a) and -b) . In E. coli RNase H, they are Asp 10, Glu 48, Arg 46, Asp 70, Asp 102, His 124, Asn 130 and Asp 134. These residues are well conserved from a structural view point, too. The secondary structures of these models are shown in Fig. 1 , following the definition by Kabsch and Sander [24] .
The whole backbone structure of MuLV RT-RNase H model is very similar to that of E. coli RNase H. On the contrary, the model of HTV-1 RT-RNase H domain lacks a 'minor domain' called by Katayanagi et al. [6] around the third helix (aUT) and the following loop before the fourth helix (alV). It should also be noted that the lengths of the second and the third j3-strands (/3B and 0C) are shorter in both the two models of RT-RNase H domains than those of E. coli RNase H.
In Fig. 3 -a) , an electrostatic molecular surface off. coli RNase H is illustrated by colored dots. Those surfaces of MuLV and HIV-1 RT-RNase H models are also shown in Figs. 3 -b) and -c). respectively.. Here, blue color indicates positive potential and red color negative. All electrostatic potentials were calculated without considering any contributions from the bound Mg 2 * ion [6] , The features of potential distribution of MuLV RT-RNase H are similar to those of E. coli RNase H. Especially, they are remarkably positive around the minor domain at the upper right of Figs. 3 -'&) and -b) . On the contrary, in case of HIV-1 RTRNase H, no significantly positive potential region exists in Fig. 3 -c) .
DISCUSSION
In order to evaluate our models, distributions of polar and nonpolar groups on the three dimensional structures were investigated using the program; POLDIAGNOSTICS developed by Baumann et al. [25] All the characteristic quantities are between the lowest and the highest limits, as shown in Table 2 . It means that our models have similar characteristics of the polarity to that of native proteins. 1) The local loops such as LM1 etc. are indicated in Fig. 1 . 2) RNase H is E.coli RNase H (6] . Four-characters PDB codes [11] mean the following proteins. 1GCR; 7-II crystalline [15] , 1CMS; Chymosin B [16] , 9PAP; Papain [17] , 2RHV-VP1; VP-1 subunit of Rhinovirus coat protein [18] , 5API-A; A-chain of modified a|-antitrypsin [19] , 3GRS; Glutathione reductase [20] , 1GOX; Glycolate oxidase [21] , 1MBS; myoglobin [22] , 2SNS; Staphylococcal nuclease [23] . Numbers in parentheses are residue numbers including pre-and post-loops. 3) r.m.s.d. is a root mean square deviation of backbone N, Cor, C atoms of the three pre-loop residues and the three post-loop residues between E. coli RNase H and the superposed local fragment structures in PDB.
Although the loop search method is now conventional to build a tertiary structural model of a homologous protein [26, 27] , it is difficult to evaluate the correctness of the predicted loop structures. Especially for a long loop with a large deletion or insertion of amino acids, it is impossible to select a specific loop among lots of possible fragments without any experimental information. In the present model building, the loops of LM5 and LH4 shown in Fig. 1 are too long to construct unambiguous models. The r.m.s.d. values of LM5 and LH4 in Table 1 , which were calculated for pre-and post-six residues between E. coli RNase H and the superposed fragments, are also high. That is, the reliability of these loop structures is not tolerable for further discussion. However, as far as one assumes that the backbone structures of the framework do not deviate much from the original structure of E. coli RNase H, conformations of the framework are thought to be definite enough for discussion of the structurefunction relationships of the RT-RNase H domains.
In the previous structural [6, 7] and protein engineering [8] studies off. coli RNase H, structurally and functionally essential residues have been revealed. Most of them are found to be well conserved in the amino acid sequences in RT-RNase H domains. In the current models, those residues are structurally conserved, having the same importances as in E. coli RNase H. Three acidic residues Asp 10, Glu 48 and Asp 70 in E. coli RNase H construct the active site, and His 124 and Asp 134 are in its neighborhood. A hydrogen bond between the side chain of Asn 130 and the backbone carbonyl Ser 68 supports a close contact between /3D and aV. Arg 46 and Asp 102 make a salt bridge between al and alV. All these residues are retained in the similar tertiary positions in MuLV and HTV-1 RT-RNase H models as shown in Figs. 2 -a) and -b) . Hydrophobic contact between two parallel helices, al and alV, are also observed in these models. Other amino acid residues forming the hydrophobic core are sometimes replaced with Ser or Thr, but they are mostly left as hydrophobic or aromatic residues. These conserved residues are marked in Fig. 1 .
It has been pointed out [6, 7, 9 ] that the charge distribution of E. coli RNase H has an essential role in recognition of the substrate hybrid. Especially, positive charges in the minor domain shown in Fig. 3 -a) may interact with phosphate groups of DNA-RNA hybrid. In the current model of MuLV RT-RNase H, not only the backbone structure but also the electrostatic features are well retained as shown in Fig. 3 -b) . In fact, deletion mutants of MuLV RT including only RNase H domain were found to have RNase H activity [28] , On the contrary, as shown in Figs. 1, 2 -b) and 3 -c), the model of HIV-1 RT-RNase H has a large gap in this area, which make no significantly positive potential surface there. From deletion studies of RT from HIV-1, RNase H activity is considered not to be associated with the C-terminal domain alone, but with many parts in the whole RT [29] . Our model of HIV-1 RT-RNase H suggests that the DNA-polymerase domain may help the hybrid recognition by giving electrostatically positive potential in the neighborhood of the minor domain.
As shown in Fig. 4 -a) , a scheme of the substrate binding to E. coli RNase H has been proposed based upon our previous l5 N-oriented NMR experiments, where backbone protons of the enzyme affected by titration of the substrate hybrid were analyzed [9] . The side chains of the active site residues are also shown by red. Here, lower right region of the enzyme interacting the 21-mer DNA-RNA hybrid is the minor domain. This complex model is essentially similar to that built by Yang et al. [7] When E. coli RNase H structure in that complex is superposed to the models of RT-RNase H domains, the hybrid can interact with both MuLV and HIV-1 RT-RNase H domains in the similar MWRES, molecular weight per residue (unit is dalton/res); MAXPOL, maximum polar fraction (e); SRFEXT, external surface area per molecular weight (A 2 /dalton); POLINT, internal polar fraction (e); POLEXT. external polar fraction (e); SCINT, internal polar fraction for side chains (e); SCEXT, external polar fraction for side chains (e). Precise descriptions of these quantities are in ref. [25] . fig. 4. -a) . Cyan wires are the RNA strands, whose 5'-ends are at the right sides of the figures. Blue wires are the DNA strands Three carboxylates of Asp 10. Glu 48 and Asp 70 side chains in E.coli RNase H and associated residues in RT-RNase Hs. which form the RNase H active sites, are also shown by red wires Here, the enzymes are looked down from the tops of Figs. 2-a) and -bj.
manner to E. coli RNase H. Those complex models of RT-RNase H domains are illustrated in Figs. 4 -b) and -c), respectively. Except the suppressed interaction between the substrate hybrid and the minor domain of HTV-1 RT-RNase H, the interaction scheme seems essentially the same for all these RNase Hs.
Oyama et al. [3] show that RT RNase Hs cleave the RNA strand of the DNA-RNA hybrid, leaving an hybrid with 5-10 base pairs, with and without DNA polymerization. For MuLV RT-RNase H, the associated base pair number is 5. In case of E. coli RNase H, the number is only two. Recent study by Schatz et al. [4] reveals that the base pair number for HIV-1 RT-RNase H is 7. These base pair numbers depend upon the species of RTs, and they may reflect varieties of the interaction schemes between the domains of DNA-polymerase and RNase H [3] . Oyama et al. [3] and Schatz et al. [4] proposed a tight coupling model between the two different activities of RTs, where cDNA synthesis and RNase H hydrolysis of the template RNA can proceed simultaneously. In their structural model, the DNA polymerase active site in RTs is located at the 5'-side of RNA strand. When their tight coupling model is assumed, the active site of DNA-polymerase domain should be close to the minor domain of RNase H, about 10 base pairs upstream from the RNase H active site, as seen in Figs. 4 -a) and -b). Considering that RNase H domain alone of cloned HTV-1 RT does not retain RNase H activity [29] , the interaction between polymerase and RNase H domains around the minor domain is thought to be crucial for RT activities of HTV-1.
In conclusion, we built tertiary models of MuLV and HTV-1 RT-RNase H domains, which have many similar structural features to those of E. coli RNase H. DNA polymerase domain of RT is considered to interact mainly with the minor domain of RNase H, giving rise a concomitant RNA cleavage with DNA polymerization. In case of HTV-1 RT-RNase H, the DNApolymerase domain may help substrate recognition of RNase H domain.
